Here, we propose a new energy supply system for the urban renewal area of Nagoya, which would create a safer, more eco-friendly city. The reduction of greenhouse gas emissions and improved earthquake measures to maintain energy supply systems and a reliable energy supply have not been studied in sufficient detail. In the present study, we focused on emergency generators within buildings in urban areas and the surplus capacity of district heating and cooling (DHC) plants as unutilized energy sources. Combined heat and power systems (CHPs) can be used in both emergency situations and under normal conditions. Thus, we propose replacing emergency generators with highly efficient CHPs and networking them as a new method for organizing an energy supply system that contributes to increases in both eco-friendliness and the safety of the city in the event of earthquakes. We also discuss the surplus capacity of district heating and cooling (DHC) plants as parts of the network. We examine a case study in an urban area of Nagoya, and calculate the effectiveness of our proposal.
Introduction
The Japanese government is currently planning to redevelop certain urban areas to make cities safer and more eco-friendly, especially during emergencies.
The current projects aim to meet the goals of the Kyoto Protocol of the United Nations Framework Convention on Climate Change (UNFCCC) to promote the use of unutilized energy sources and to organize an energy supply system in specific areas to counteract the greenhouse effect.
In addition, both the government and private enterprise are adopting measures to cope with potential natural disasters in Japan. The cabinet office has stated that it is important for enterprises to develop business continuity plans (BCPs) to enable them to proceed with important business in the event of a disaster.
The Central Disaster Prevention Council and the Ministry of Economy, Trade, and Industry recently compiled new guidelines for BCPs. As earthquakes represent the greatest natural hazard in Japan, measures should be implemented to minimize risk, safeguard structures, and secure utilities, such as electricity, water, and gas, in the event of an earthquake.
Establishing a reliable energy supply system would support business continuation. The supply of energy to a large region requires the supply of steam or electricity to many buildings. Producing energy on a smaller scale and using it locally among several buildings may reduce carbon dioxide emissions and exhaust heat. Methods of installing new equipments in buildings in built-up areas of the cities are also a key component of our discussion for organizing a new kind of energy supply system.
The present study focuses on replacing emergency generators within buildings in urban areas with combined heat and power systems (CHPs) that can be used in both emergency situations and under normal conditions. These highly efficient CHPs would serve as a new energy supply system that would contribute to both, eco-friendliness and urban security in the event of an earthquake.
the Fire Prevention Ordinance, are seldom used except during emergencies and maintenance work. Replacement of these emergency generators with CHPs would have three major advantages: a new alternative source of energy, an eco-friendly energy system, and more reliable operation during an emergency. CHPs provide a more stable energy supply during emergencies if medium-pressure gas conduits are used.
We also propose the construction of common ducts along networking lines to house electrical cables, gas pipes, steam pipes, and water pipes for returning steam for CHP use. In the past, pipes have been badly damaged during earthquakes due to liquefaction. Previous studies have shown that these types of common ducts were not damaged during the Great Hanshin Earthquake of 1995 and were able to provide a secure energy supply following the quake. Such ducts would improve the reliability of energy supply systems.
Networking CHP equipment in each building will reduce carbon dioxide emissions and the amounts of energy they consume through good operation management. In addition, the efficiency of the equipment is increased when the amount of energy they use increases, and the loading factor is high.
Networking the energy equipment normalizes the energy loads. Peak energy loads are different for each building. If they are normalized, energy is used more efficiently and energy waste can be reduced.
We also focus on surplus capacity of district heating and cooling (DHC) plants as unutilized energy sources. Urban areas of the cities have several district heating and cooling (DHC) plants and they usually have surplus capacity. When networking CHP equipment, we also examine and take in the surplus capacity of district heating and cooling (DHC) plants of the areas as parts of the network.
Networking the CHPs equipped in each building also provides an effective backup for each machine in emergency situations. If some CHPs are disabled by a disaster, the buildings with damaged machines are provided electricity because of redundancy with other machines through the lines or pipes in the network. Figs.1. and 2. show a diagrammatic representation of our proposed model system.
Here, we suggest an ideal model of a new energy supply system that makes use of emergency generators. We evaluated the model by calculating the amounts of energy it consumed and the associated levels of carbon dioxide emissions, and assessed the redundancy of the whole study area. Five potential model study areas were considered: Sapporo, Tokyo, Nagoya, Osaka, and Kita-kyushu. The Ministry of Land, Infrastructure, and Transport chose to introduce a new type of energy supply system in these areas. Tokyo and Nagoya are the most suitable areas for a case study, based on earthquake risk. Although the possibility of a Tokai Earthquake is very high, few BCP studies have been conducted in Nagoya. Nagoya was chosen as the study area for our model. The present model will be useful for other cities in Asian countries to ensure both efficiency and reliability in constructing new energy supply systems.
Present Situation 3.1 Disasters
Three large earthquakes, the "Tokai Earthquake," "Tonankai Earthquake," and "Nankai Earthquake," are expected to affect Nagoya. Correlations with historic earthquakes, the "Hakuhou Earthquake (684)," "Ninna Earthquake (887)," "Keicho Earthquake (1607)," "Houei Earthquake (1707)," and "Ansei ToukaiNankai Earthquake (1854)," have been analyzed and the government has determined that the foci of two or all earthquakes could occur simultaneously. The more foci, the more damage is intensified. The earthquake intensity distribution figure shows that damage becomes greatest in the case where three earthquake foci are triggered simultaneously.
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Expected hazards
Three earthquakes could affect Nagoya. To prepare for damage, in the present study we assumed that the three earthquake foci that would cause the most damage occur at the same time. Under these conditions, the whole of Nagoya City would experience an earthquake intensity of more than intensity 5 upper and the whole study area would experience an earthquake intensity of above intensity 6 lower. The liquefaction phenomenon, which is caused by the movement, will have a marked influence on each energy infrastructure. The liquefaction risk in the study area is "high" or "very high" 2) .
Study Area and Land Use
The Japanese Government plans to rebuild in the area around the Nagoya City center, which has a dense concentration of businesses, commerce, transport, and residences. The plans are intended to promote the local economy and to stimulate growth in the area. The area around Nagoya Station and Sakae district, along Hirokoji Street, is considered the central core of Nagoya, and plans to rebuild the city focus on this important area: the study area examined here includes these areas.
We chose two regions as study areas: an area designated by the government for redevelopment as an "urban renewal area" and an area earmarked by the city for development as a "suburban renewal area". Accordingly, these areas must have systems in place to minimize damage in the event of an earthquake and environmental load under normal conditions.
The study area is shown in Fig.3 . The business sector accounts for the majority of land use in this area, with a gross floor area of about 4,900,000 m , respectively. The businesses in the study area employ large numbers of people.
Energy demands are higher in the center of the study area shown in Fig.3 . We chose the urban renewal area to supply energy in our model, including some buildings that have markedly higher energy demands in the suburban renewal area.
DHC plants in urban Nagoya
At present, there are seven directed heating and cooling (DHC) plants located in the area near Japan Rail (JR) Nagoya Station, including two plants that are not yet operational (Plant F and Plant G). We call the other five plants that are operational Plant A, Plant B, Plant C, Plant D, and Plant E (Fig.3.) .
Plant performances for each area are shown in Table 1 . The total capacity for cooling in these areas is about 40,000 USRT (about 500 GJ/h). We calculated the peak thermal demand for this area, described in the studies listed in references 3),4) , and computed and estimated the difference between this result and the plant performance, which is referred to as the "surplus capacity" (Table 2. ). Although the plant D began supplying energy in March 2005, data regarding the amounts of energy generated and used are unavailable. Therefore, only the four remaining areas were considered in our calculations.
Emergency Generators
The District Heating and Cooling Enterprise, which converts emergency generators into CHPs for regular use, provided the following information:
(1) The capacity of emergency generators is only sufficient to operate minimum emergency lighting and fire-extinguishing appliances.
(2) Emergency generators are only able to store a small amount of fuel.
The District Heating and Cooling Enterprise uses CHPs under normal conditions and in the event of an emergency, and receives a city gas supply from a gas company. The enterprise also uses medium-pressure gas piping to supply the emergency generators for regular use to ensure that they are able to secure an energy supply in the event of an emergency. The use of emergency generators under normal conditions requires operators to:
(1) Store a sufficient quantity of fuel to enable the emergency generator to operate for 2 hrs. per day. The buildings that are required by law to house an emergency generator are as follows:
(a) Fireproof buildings with a total floor area of more than 1,000m 2 (Fire Prevention Ordinance). (b) Fireproof buildings for use by the general public with total floor areas of more than 1,000m 2 (Fire Enforcement Ordinance) Fig.4 . shows a map of the buildings that fulfill criterion (a) or (b) above.
Energy Demand in Emergency Situations
We defined the load during an emergency at three levels as the "legal load," "emergency load," and "business continuity (BC) load." These definitions are based on the reference book "Consumption Rate of Heating and Cooling, Electrical Power and Water in Buildings,"
3) and on previous researches. (Table 3 .) "Legal Load" is the capacity of the emergency generator that is required by law which we define as 20% for all uses.
"Emergency load" is the quantity of the power, heating, and cooling that is needed in an emergency to maintain the minimum function of the buildings.
"BC load" is the quantity of power that important businesses and medical services require to operate in an emergency as under normal operations.
The required peak emergency loads are calculated and listed in Tables 4. and 5.
Buildings to which steam is supplied
Nagoya City has developed a number of principles for DHC plants. In the present study, we focused on three guidelines:
(1) Areas designated for urbanization, except firstand second-class low-rise residential districts: areas recommended for a DHC plant.
(2) Buildings with total floor areas of more than 30,000m 2 : must connect with a DHC system. (3) Buildings with total floor areas of more than 3,000m 2 : should connect with a DHC system, if possible.
On the basis of these guidelines, we chose buildings with total floor areas above 3,000m 2 in the urban renewal area described in Section 3.3 as buildings to which steam is supplied. , and the total floor areas for each purpose are shown in Table 6 . Based on these data and Reference 3, we calculated the amount of energy used as 1,695 TJ/year for heating and 3,054 TJ/year for cooling, representing a total of 4,749 TJ/year.
Buildings in which emergency generators are replaced by CHPs
We chose buildings with total floor areas above 3,000m 2 from those selected in Fig.4 . as buildings in which emergency generators are replaced by CHPs. These buildings are connected to the area energy supply system and act as steam suppliers. (Fig.6.) 
Model of New Area Energy Supply System 4.1 Networking of DHC Plants
First, we suggest networking all DHC plants in urban Nagoya to utilize the surplus capacity of the plants. The two western DHC plants can be connected with the two eastern DHC plants via a large conduit that we designated the "regional conduit." This connection will enable the flexible use of steam between all DHC plants. In our model, thermal energy is supplied only in the form of steam through the regional conduit.
Networking of CHPs
Second, we suggest replacing emergency generators with CHPs, which are then networked. The relevant buildings are described in Section 3.8, and are shown with the new conduits in Fig.7 .
The buildings in which CHPs are installed can obtain electricity from the CHPs, use hot water released by the CHPs themselves, and send or obtain steam through the regional conduits.
New Steam Plant
Finally, we suggest building a new plant to supply steam at times of high demand. If they supply steam to all the buildings chosen in the urban renewal area, they will have insufficient steam at times of high demand. The required capacity is about 1,000 GJ/h. As this plant will be used mainly at times of peak consumption, it is better to build a number of smaller-capacity plants than a single plant with a large capacity. The requirements for the locations of such plants are as follows:
(1) Heat loads around the buildings are high (2) Land is wide enough to accommodate a new plant (3) Land is near the main regional conduits. Based on these requirements, we chose the locations for the new plants, shown in Fig.8 . An alternative to building new plants is to provide additional engines within the DHC plants.
Performance of CHPs and Simulation
To establish small-capacity engines, gas engines were adopted as CHPs. In addition to emergency use, the use of CHPs under normal conditions requires buildings to have medium-pressure conduits. In our model, the buildings are assumed to be equipped with such conduits already.
Next, we set the capacity of each CHP. The purpose of an ideal model is to maintain a stable energy supply, and thus the capacity of each CHP is calculated according to the highest consumption of energy for each building. As a result, the total number of required gas engines is 152. When established, they are divided into two pairs of engines with a total capacity of about 116,000 kW. In our study, we assume that steam can be obtained from engines with capacities greater than 500 kW. The efficiency of power production and removal of exhaust heat are based on data derived from the most efficient machines employed to date. The efficiencies of the machines are listed in the acknowledgments at the end of this paper. Next, we examined the best way to operate CHPs, considering the three following cases. Case (1): All engines are adjusted to run based on the electricity requirements of each building. In this manner, the engines can obtain a huge amount of steam despite a reduction in efficiency at the time of low load. As a result, the effectiveness of energy-savings can be poor.
Case (2): CHPs are operated in order of lowest capacity, with adjustments according to electricity demand of all buildings that have CHPs. This method has the advantage of increasing efficiency despite low load. A limitation of this approach is that large amounts of steam cannot be obtained because CHPs produce little steam when operating under low capacity.
Case (3): CHPs are operated in order of highest capacity, with adjustment according to electricity demand of all buildings that have CHPs. This approach requires only a small number of CHPs, but the amount of exhaust heat is greater than in Case (2).
We simulated each case for a period of one year according to the above requirements; the results are shown in Fig.9 . and Table 7 .
Though we simulate each day of each month, we present a graph of the cumulative load for a year. Only this graph can show how many hours CHPs and DHC plants can be expected to yield the desired levels of heat, and thereby demonstrate the amount of steam to be supplied from a new plant.
Based on these figures, we obtained the following results:
Case (1): More than 30% of the required heat can be supplied by exhaust heat from CHPs Case (2): The amount of steam produced by CHPs is too small to make best use of the CHP capability.
Case (3): In this approach, we can utilize both steam produced by CHPs and the surplus capacity of the DHC plants. In this case, the number of buildings that require CHPs is 97 out of 152.
Evaluation of the Proposed Model 5.1 Evaluation of Energy Savings
The present situation was compared to our proposed models with regard to energy savings. The results are shown in Table 8 .
The results indicate that case three has the largest amount of Energy Savings, and it would reduce fuel use by 800 TJ/year, representing an energy savings of about 7.7% including thermal energy and electricity, as compared to current usage. This is because of the use of exhaust heat and electricity from CHPs and making use of the surplus capacity of DHC plants.
Calculation of carbon dioxide emissions
We calculated the amounts of carbon dioxide emitted. The maximum amount of calculated reduction in carbon dioxide emissions was 139,000 t-CO 2 , based on the units shown in Table 12 . These values represent reductions of 15.2%. Based on these results (from 5.1 and 5.2), we adopted Case 3 as the method of operation.
Evaluation of redundancy under emergency conditions
The Japanese public electricity service shows its vulnerability in times of emergency. In addition, few offices have plans to cope with emergency situations. If public electrical service is stopped, this will result in loss of business continuity and any data that is not backed up. The proposed system could supply electrical power to other buildings in an emergency. 6),7)
The systems described here would supply all buildings in the study area with sufficient power to meet the emergency load.
In our model, the redundancy capacity of CHPs could be used in the buildings without CHPs, which could not be supplied with electrical power in an emergency for some reason. Our model involves networking of electrical power supply systems, as suggested in Fig.2 . With regard to expanding the area to which power is supplied, to determine how many buildings can be supplied with energy, we consider the four cases described below.
(1) Buildings that have CHPs and are used for medical purposes.
(2) Buildings that have CHPs and are used for business purposes. (3) Buildings that have CHPs and are used for medical and business purposes. (4) All buildings in the present study.
For example, if we expand the area supplied to buildings that have CHPs and that are used for medical purposes, 44% of total CHP capacities are used and then the system can obtain a redundancy of 56% of electrical power supply. (Fig.10) As a result, the buildings could be supplied with electrical power of both emergency load and BC load in the case of (1). Under operative patterns (2), (3) and (4), supplied electrical power can fulfill the emergency load, but the capacities of redundancy are reduced. Thus, the systems have a greater tendency to secure the energy supply than the buildings that have an emergency generator.
Conclusions and Future Research 6.1 Conclusions
Many buildings that are required by law to house emergency generators only possess generators with the minimum capacity. This situation is unreliable in terms of the objectives of self-help, business continuity, and disaster-preparedness in the event of an emergency. An efficient, reliable, and adequate energy supply can be secured by converting emergency generators to CHPs, using and networking CHPs under normal conditions. The conclusions of the present study are as follows: ・In the proposed model, CHPs are best operated in order of highest capacity. The energy-savings benefit of the proposed scheme is 7.7% of current consumption, and carbon dioxide emissions can be reduced by 15.2%.
・The systems have a greater tendency to secure the energy supply than the buildings that have an emergency generator. If we expand the supplied area to the buildings that have CHPs and that are used for medical purposes in emergency situations, 44% of total CHP capacities can be used and then the system can obtain a redundancy of 56% of electrical power supply. Such systems can be used to minimize disruption in the study area by sustaining the minimum functioning of buildings in the case of an emergency. The present model would be useful in other cities in Asian countries to ensure both efficiency and reliability in constructing new energy supply systems.
Prospects
The present study demonstrated the effectiveness of replacing emergency generators by CHPs and networking them over a wide area. To obtain more accurate results for the Nagoya urban area, certain additional areas should be included in our analysis, such as the area of Plant G, which is currently undergoing extensive redevelopment. Other forms of unutilized energy, such as heat energy from river water and exhaust heat from subways, should also be evaluated. 
